(rbcS) in soybean seedlings (21, 26) , mature soybean and petunia (26) , and tomato (30) .
It has been shown by Thompson et al. for both light-grown soybean seedlings and transgenic petunia leaves that the mRNA encoding the soybean rbcS gene, SRS4, is degraded into a discrete pattern of 5'-proximal fragments (27) . An in vitro-synthesized SRS4 mRNA was added during homogenization to show that these products did not arise during different isolation procedures. Although minor degradation of this mRNA occurred, it did not result in a discrete set of degradation products, such as those seen for endogenous SRS4 mRNA. These proximal products of SRS4 mRNA were characterized by hybridization of Northern (RNA) blots with a series of DNA fragments and oligonucleotides spanning the length of the transcript (see Fig. 1C ). Most of the proximal products contain intact 5' ends and lack various portions of the 3' ends. All of the proximal products identified lack poly(A) tails, a result suggestive of either the two-step degradation mechanism proposed for animals or direct endonucleolytic cleavage. These products are enriched in the polysome-ribonucleoprotein (RNP) fraction, suggesting that degradation may occur on polysomes and is not due to premature termination of transcription or aberrant processing events (27) .
In vitro degradation systems have enhanced the study of degradation pathways for several eukaryotic mRNAs. Ross and Kobs used a system derived from a polysomal fraction of mammalian cultured cells to examine the degradation of several RNAs, including those of histone H4, ,-globin, and c-myc (16) . Other workers have developed analogous in vitro systems for studying the decay mechanisms of several mRNAs, including eukaryotic EF-Tu (eEF-Tu) mRNA from Friend mouse plasmacytoma cells (15) , and phosphoglycerate kinase mRNA from Saccharomyces cerevisiae (28) . Two criteria for defining a faithful in vitro degradation system have been proposed by Ross and Kobs (16) : (i) the mRNAs must be degraded into the same products in vitro as are observed in vivo, and (ii) the relative rates of decay of several mRNAs in vitro should be the same as are observed in vivo.
To more closely investigate the mechanism of decay of SRS4 mRNA, we developed a polysome-based in vitro RNA degradation system from soybean seedlings and petunia leaves. In the in vitro degradation system derived from soybean seedlings, the endogenous SRS4 mRNA appeared to be degraded into the same proximal products as those identified in vivo. Exogenously added SRS4 RNA was degraded into a similar set of proximal products in both the soybean seedling-and the petunia leaf-derived in vitro degradation systems. Using oligonucleotide-directed RNase H cleavage to align the 3' ends of the rbcS RNA, we observed a common set of 3'-distal fragments in vivo and in vitro. These and other data presented in this paper show that these in vitro systems direct the faithful degradation of SRS4 mRNA and suggest a stochastic mechanism.
(This research serves as partial fulfillment of the requirements for a Ph.D. degree from University of Georgia, Athens, for M. M. Tanzer.)
MATERIALS AND METHODS Plant material. Soybean seeds (Glycine max cv. Pella '86) were germinated and all plant material was grown as described previously (21) . Seedling leaves were harvested at noontime after 8 days of growth, immediately frozen in liquid nitrogen, and stored at -70°C. Small, rapidly expanding petunia leaves were harvested from mature Petunia hybrida cv. Multiflora at noontime, immediately frozen in liquid nitrogen, and stored at -700C. SRS4 RNA runoff transcription templates. Two SRS4 cDNA constructs were used to generate the runoff transcripts described here. pDMT27 was described previously (27) . pMT1 was derived from pDMT27. pDMT27 and pBluescript II SK(+) (Promega) were cut with BamHI and HindIII restriction endonucleases (Promega). The cDNA insert from pDMT27 was separated from the plasmid on a 1% TAE agarose gel and isolated by use of a Geneclean kit (Bio 101, Inc.). The isolated fragment was ligated into cut pBluescript II SK(+) and electroporated into E. coli DH5a cells. A clone (pMT1) was isolated, and the 5' junction was verified by sequence analysis.
pDMT27 and pMT1 were cut with restriction enzyme BamHI, and runoff transcription was performed essentially as described previously with SP6 and T7 polymerases (Promega), respectively (27) . pDMT27 yielded SP6ISRS4 runoff RNA as previously described (27) . pMT1 yielded T7ISRS4 runoff RNA with 56 nucleotides of vector sequence at the 5' end and a 3' end identical to that of the RNA derived from pDMT27 (Fig.   1A ). pDMT27 and pMT1 were cut with restriction enzyme EcoRI (Promega) and transcribed with SP6 and T7 polymerases, respectively. pDMT27 yielded SP6/R1 RNA, which has a 5' end identical to that of SP6ISRS4 RNA but is truncated at the EcoRI site near the end of the second exon. pMT1 yielded T7/R1 RNA, which has a 5' end identical to that of T7ISRS4 RNA but is also truncated at the EcoRI site near the end of the second exon (Fig. 1A) . Following transcription, the samples were treated with RQ1 DNase (Promega) for 15 min to remove the DNA template.
Total RNA isolation, blotting, and oligonucleotide-directed RNase H treatment. Total RNA was isolated from soybean and petunia leaves by a modification of the urea-phenol DNA extraction procedure (22) as described elsewhere (26) . RNA gel blotting was performed as described previously (27) . Figure 1 schematically depicts the probes used in this report.
5'A (the 5' EcoRI-HindIII fragment of the pDMT25 insert as described by Thompson et al. [27] ) was used to detect endogenous SRS4 mRNA and its degradation products in total RNA and endogenous SRS4 mRNA degradation assays. Hybridization conditions were as described previously (27) .
SP6.5' oligo is complementary to the first 15 nucleotides of the SP6ISRS4 runoff mRNA transcript made in vitro. SRS4.3'TAG oligo is complementary to the last 18 nucleotides of the SP6ISRS4 runoff RNA transcript. These sequences are derived from vector sequences which are part of the SP6 runoff transcription unit as a result of the fusion of the SRS4 cDNA to the SP6 promoter. These "tag oligos" allow the detection of exogenously added SRS4 RNA with intact 5' ends and 3' ends, respectively, without hybridizing to endogenous SRS4 mRNA present in the polysomal pellet. Hybridization and wash solutions were as described previously (26) . Hybridization was carried out at the oligonucleotide Tm -10°C overnight. The blots were washed twice for 10 min each time at room temperature and then once for 1 min at the hybridization temperature.
T7.5' oligo is 17 nucleotides and is complementary to 7 nucleotides of vector sequence and the first 10 nucleotides of the original SRS4 mRNA. This oligo is complementary to both T7ISRS4 and SP6/SRS4 runoff mRNAs. Hybridization was carried out as described above for SP6.5' oligo. All filters were visualized by autoradiography.
RNase H cleavage assays were performed as described previously (6) . A synthetic oligonucleotide, SRS4.5'1N (5'-ITCT TCTGCTGCCAGAT-3'), was used to direct the cleavage of the first 17 nucleotides of SRS4 mRNA, and SRS.3'1196N (5'-CCATTAATlI7CCATTGAAGTCCG-3') was used to direct cleavage from nucleotide 1196 (13), separating heterogenous 3' sequences from the remaining portion of SRS4 mRNA. Polysome isolation. Polysomes were isolated by modified methods previously described (14, 16) . Frozen soybean or petunia tissue was ground with a mortar and pestle in liquid nitrogen and resuspended in 10 ml of buffer A (200 mM potassium chloride, 50 mM magnesium chloride, 2 mM dithiothreitol, 200 mM Tris-HCl [pH 8.75 ], 200 mM sucrose). The homogenate was spun at 3,000 x g for 10 min at 4°C to remove large debris. The supernatant was incubated with 0.1 volume of buffer A-10% Triton X-100 for 5 min on ice and spun at 27,000
x g for 10 min at 4°C. The supernatant was layered onto a 30% sucrose cushion in buffer A and spun at 35,000 rpm in a Beckman SW41 rotor (156,000 x g at the average radius) for 3 h. The polysome pellet was resuspended in 200 ml of buffer B (1 mM potassium acetate, 1.5 mM magnesium acetate, 2 mM dithiothreitol, 20 mM Tris-HCl [pH 8.75 ], 200 mM sucrose).
The sample was transferred to a 1.5-ml Eppendorf tube, and the pellet was broken up with a glass rod. The sample was spun briefly at 8,000 rpm in a Beckman Microfuge II, and the supernatant was transferred to a fresh tube. The pellet was resuspended in 100 ,ul of buffer B and broken up with a glass rod. The sample was spun as before, and the supernatants were combined. Ten microliters of the sample was used to obtain an A260 reading, and the sample was divided into aliquots in tubes containing 2.0 to 3.0 A260 units each and stored at -70°C. Polysome preparations yielded an average of 3.7 A260 units per g of tissue.
In vitro degradation assays and quantification. In vitro mRNA degradation assays were performed essentially as de-VOL. 14, 1994 shown. (C) 5'-Proximal transcripts identified on Northern blots. The physical maps of the various proximal products are drawn on the right and named as described previously (27) . pt, premature termination product generated during in vitro synthesis of SP6/SRS4 (27) . (D) 3-Distal transcripts identified on Northern blots. The physical maps of the various distal products are drawn approximately to scale, as determined by lengths on polyacrylamide gels. The spacing and intensity in the column to the right of panels C and D indicate the approximate positions and molar amounts of the endogenous SRS4 RNAs resolved on 6% polyacrylamide gels. contain the expected 5'-end sequences, as mapped by primer extension and Si nuclease protection analyses of the total RNA population. The shorter fragments hybridize to fewer distal probes, since they lack larger portions of the distal 3' sequences and all lack poly(A) tails (27) . The SRS4 gene, cDNA constructs, and hybridization probes used throughout this paper are shown in Fig. 1A and B. Some of the major products are diagrammed in Fig. 1C . The individual proximal fragments each represent a small fraction of the total SRS4 mRNA. To examine the 5' ends of the major proximal fragments individually and to ensure that none contained 5' extensions not previously detected, we used an RNase H sensitivity assay. An oligonucleotide complementary to the first 17 nucleotides of the SRS4 mRNA (SRS4.5'1N) (Fig. 1B) was hybridized with total RNA, polysomal RNA, and poly(A) -RNA, and the hybrids were digested with RNase H (6). The RNAs were resolved on a polyacrylamide gel, blotted to a nylon membrane, and probed with the 5'A fragment ( Fig. 1B  and 2 ). Products B, E, F, J, M, and P all shifted to a slightly lower-molecular-weight position, indicating that SRS4.5'1N hybridized at or very near the 5' ends of these RNAs. In other words, the 5' end mapped for the SRS4 RNA population as a whole is approximately the same as that for each of the individual proximal products. Thus, the lengths of these products, as determined by gel electrophoresis, can be used to map the approximate 3' end of each of these fragments. These data confirm that the fragments of similar size observed in polysomal RNA, total RNA, and poly(A) -RNA are essentially the same. A small number of fragments (i.e., G, I, and L) lack a portion of the 5' end, as represented in Fig. 1C . Products G, I, and L did not shift in the presence of the oligonucleotide and RNase H and therefore did not appear to contain intact 5'-end sequences, consistent with previous mapping of these products in total RNA (27) . Two new SRS4 products, X and Y, which were not resolved in earlier work, were detected (27) . They also shifted the expected amount after oligonucleotide-directed RNase H cleavage. (27) . FL, full-length product.
Endogenous SRS4 RNAs are degraded in a soybean in vitro RNA degradation system. The proximal rbcS degradation products are enriched in the polysomal fraction, consistent with degradation occurring on polysomes (27) . An in vitro RNA degradation system was prepared from soybean seedling leaf polysomes by a modification of the procedure described for animal tissue culture cells (16) . The full-length SRS4 RNA was almost completely degraded in the polysome-RNP fraction prepared in the buffers described by Ross and Kobs (16) . Previous research indicated that the isolation of intact polysomes from plants is facilitated by use of a high concentration of magnesium ions throughout the isolation (14, 16) and that increased yields of polysomes are obtained by use of highionic-strength buffers (11) . When buffers containing a high concentration of magnesium were used during the initial steps of the soybean polysome isolation procedure, the degradation of endogenous SRS4 mRNA was minimized (see Materials and Methods). The soybean polysomal pellet prepared in a buffer with a high concentration of magnesium was resuspended in a buffer with a low concentration of magnesium, and the in vitro degradation reaction mixtures were incubated as described in Materials and Methods. Aliquots of the in vitro reaction mixture were removed at the times indicated in Fig. 3 . The RNA was isolated, run on a polyacrylamide gel, blotted to a nylon membrane, and probed with SRS4 fragment 5'A (Fig.  1B) . The pattern of RNA fragments was compared with that for total and polysomal RNAs. As expected, all the major SRS4 fragments were enriched in the polysomal fraction at the initiation of the time course (time zero [t = 0]). Both fulllength endogenous SRS4 mRNA and the endogenous proximal products were degraded during the time course, although the various bands disappeared at different rates. The interpreta- (B) SP6ISRS4 RNA (0.5 ,ug) was added to a crude soybean leaf polysomal extract (optical density, 2.5) plus the reaction mixture and incubated for the indicated times. RNA was isolated from one-fifth of the reaction mixture at each time point, and the samples were run on a polyacrylamide gel, blotted, and probed with SP6.5' oligo. Probing with SP6.5' oligo also confirms the integrity of the 5' ends of the exogenous RNAs. Soybean total RNA (3.0 ,ug) and SP6ISRS4 RNA (0.1 jig) were added as negative and positive hybridization controls, respectively. In panels A and B, the positions of RNA molecular size standards, as described in the legend to Fig. 2 , are shown on the left, and SP6/SRS4-derived proximal products are shown on the right. (C) The time course from panel B was quantified on a scanning densitometer (see Materials and Methods), and the results for the major proximal products were plotted as relative band intensity versus time in hours. Full-length (FL) RNA was not included so that the kinetics of the degradation products could be resolved.
tion of precursor-product relationships in these experiments was complicated by the existence of all proximal fragments at t = 0.
Exogenous transcripts are degraded into the expected fragments in a soybean in vitro degradation system. The possible precursor-product relationships for the larger and smaller fragments were examined by the addition of an in vitro runoff transcript to the degradation system. A construct containing the SRS4 cDNA fused to an SP6 promoter was used to make an SRS4 runoff transcript (Fig. 1A, SP6ISRS4 runoff RNA) (27) . This transcript contains at the 5' end an additional 15-nucleotide tag sequence which was used to distinguish it from the endogenous SRS4 RNAs already present in the in vitro degradation system. A complementary oligonucleotide (SP6.5' oligo) (Fig. 1B) which hybridized to this SP6 tag RNA sequence was made; thus, only in vitro products with this intact 5' end will hybridize to the probe. In vitro synthesis of SP6ISRS4 RNA yielded not only a full-length product but also a smaller product (pt) (Fig. IA and C) which resulted from premature termination by the SP6 polymerase (27) . Figure 4A shows the proximal products observed when 0.1 ,ug of SP6ISRS4 runoff RNA was incubated for 0 and 3 h at 37°C with and without polysomal extracts along with total RNA and polysomal RNA. Lanes containing SP6ISRS4 RNA were probed with SP6.5' oligo, and lanes containing total and polysomal RNAs were probed with fragment 5'A (Fig. 1B) . The products generated in the in vitro system from this exogenous RNA (E6, F6, and J6, etc.) comigrated with the degradation products seen in total RNA and in RNA isolated from polysomal extracts (E, F, and J, etc.), except that the SP6/SRS4 products migrated slightly more slowly, consistent with the size increase due to the 15-nucleotide 5' tag sequence.
No degradation of SP6ISRS4 RNA occurred in the absence of polysomal extracts (Fig. 4A) . In Fig. 4B Fig. 4C . Since a 5'-end-labeled oligonucleotide which hybridizes equivalently to each species was used as a probe in this experiment, the values represent relative molar amounts of the products. Over the 6-h time course, the levels of proximal products J6 and Y6 increased more rapidly than did those of X6, E6, F6, M6, N6, and P6. For all of these products, there was no significant correlation between size and rate of appearance. Similar results were obtained in several repetitions of this experiment with independently isolated polysomal extracts. Whereas the relative rates of appearance of the proximal products were the same in the different preparations, the absolute rates varied among the different extracts. Similar results were obtained when the membranes were scanned directly on a Molecular Dynamics Phosphorimager (see Materials and Methods). In a typical experiment, 30% of the total radioactive signal remained after the 6-h incubation.
The exogenous SRS4 runoff transcript is degraded into the expected fragments when added to the heterologous petunia in vitro degradation system. It was shown by Thompson et al. (27) that when an SRS4 genomic construct was transcribed from a cauliflower mosaic virus (CaMV) 35S promoter in transgenic petunia leaves, the RNA degradation pattern was very similar to that seen in soybean seedlings. Considering the evolutionary distance between petunia and soybean, this result suggested that the degradation of SRS4 mRNA and/or the machinery which carried out the degradation might be highly conserved in higher plants. Therefore, we wished to determine whether an in vitro degradation system derived from petunia would degrade the SP6ISRS4 runoff RNA into the same fragments as those seen in soybean seedlings, in the soybean in vitro system, and in transgenic petunia leaves. Polysomes were isolated from young petunia leaves and described in Materials and Methods. SP6ISRS4 runoff RNA (0.5 ,ug) was added to the petunia system, and samples were removed and processed as described above and probed with SP6.5' oligo. Figure 5A shows the degradation pattern observed for the SP6ISRS4 runoff transcript in the petunia system. The products produced were similar in size to those observed in soybean total or polysomal RNA, in the soybean in vitro system, and in transgenic petunia leaves. Repetitions of this experiment yielded similar results for independent extracts. SP6.5' oligo hybridized to two endogenous petunia RNAs which were not degraded during the time course (Fig. 5A , Petunia Total), (Ph1 and Ph2). No other petunia RNAs hybridized to SP6.5' oligo.
The blot was analyzed by scanning densitometry, and the results are depicted in Fig. 5B . The relative rates of appearance of the various fragments were similar to those observed in the soybean system. For example, fragments Y6 and J6 appeared more rapidly than fragments X6, E6, F6, M6, N6, and P6.
As in the soybean system, there was no correlation between size and rate of appearance. The petunia system appeared to contain the components necessary to faithfully degrade soybean SRS4 RNA into proximal RNAs, confirming the data observed for transgenic petunia leaves expressing SRS4 mRNA (27) .
An exogenous SRS4 runoff transcript with a longer 5' tag sequence is degraded in the same pattern in the soybean and petunia in vitro degradation systems. The additional 15 nucleotides at the 5' end of the SP6/SRS4 runoff RNA caused no discernible change in the pattern of degradation products generated in the soybean in vitro system. If overall RNA conformation is important, then perhaps the addition of a longer 5' leader tag sequence would alter RNA structure and result in a novel degradation pattern. Alternatively, if the degradation machinery recognizes specific sequences or locally folded structures, then a closely related pattern of degradation might be observed even if the overall structure were altered. Therefore, pMT1, an SRS4 construct with a significantly longer 5' tag sequence, was examined. The T7/SRS4 runoff RNA generated from this construct contains an additional 56 nucleotides at the 5' end of the native SRS4 RNA (Fig. 1A, T7 relative to the positions of SP6/SRS4 RNA or endogenous proximal fragments because of the longer tag sequence at the 5'-end. Figure 6 shows a comparison of SP6ISRS4 runoff RNA and T7ISRS4 runoff RNA after degradation for 3 h in the soybean degradation system. Bands for X7, E7, F7, J7, M7, N7, and Y7 were prominent in the T7ISRS4 RNA lane. Additionally, when this RNA was added to the petunia in vitro system, it was degraded into the same pattern (data not shown). A few of the smaller bands appeared to be more intense at 3 h in the A control ohrs 3 hrs
T7ISRS4 RNA lane than in the SP6/SRS4 RNA lane; however, similar bands were detected in the SP6ISRS4 RNA lane after a longer exposure. These data indicate that the addition of a relatively large number of nucleotides (-7% of the total length) at the 5' end of the RNA had no effect on the specificity of degradation of the RNA in either system. Two exogenous SRS4 runoff transcripts truncated at the 3' end are degraded into the expected subset of proximal degradation products. The data discussed above suggest that changes in length at the 5' end do not affect the degradation pathway. If overall conformation is not important, then alterations of the 3' end of the mRNA also should not affect degradation of the mRNA. Therefore, we generated two runoff RNAs lacking 488 nucleotides of 3'-end sequence and with the same 5' ends as SP6ISRS4 RNA and T7/SRS4 RNA (Fig. 1A , SP6/R1 runoff RNA and T7/R1 runoff RNA; see also Materials and Methods). In Fig. 7A , SP6/R1 and SP6ISRS4 runoff RNAs were incubated in the degradation system for the times indicated and extracted, and the products were visualized by Northern analysis. The blot was probed with SP6.5' oligo. In Fig. 7A , at the 3-h time point, SP6/R1 RNA was degraded into the expected subset of proximal fragments (M6, N6, Y6, and P6); the degradation pattern of SP6ISRS4 RNA is shown in the adjacent lane. Similarly, in Fig. 7B , T7/R1 RNA was also degraded into the expected subset of proximal fragments (M7, N7, Y7, and P7); the degradation pattern of T7ISRS4 RNA is shown in the adjacent lane. The control lanes for both Fig. 7A and B, which were incubated for 3 h at 37°C without polysomal extracts, showed no degradation of either SP6/R1 and SP6/ SRS4 RNAs or T7/R1 and T7ISRS4 RNAs, respectively. These data indicated that the presence or absence of 3'-end sequences did not significantly affect the degradation of the remaining proximal portion of SRS4 RNA.
Detection of 3'-distal fragments from the degradation of exogenous SRS4 RNA. In preparations of total RNA, fragments containing an intact 3' end but lacking more than 50 nucleotides from the 5' end were not found at significant levels despite efforts to detect them with 3'-end-specific oligonucle- 
Exogenous SRS4 mRNA is degraded into a unique pattern of 3-distal fragments in in vitro degradation systems from soybean seedling and petunia leaves. (A) SP6/SRS4 RNA (0.5 ,ug) was added to a soybean polysomal extract (optical density, 1.25) plus the reaction mixture. RNA was isolated from one-fifth of the reaction mixture at each time point, and the samples were run on a polyacrylamide gel, blotted, and probed with SRS4.3'TAG oligo. Total soybean RNA (5.0 ,ug) was run as a hybribization control. The letters on the right indicate the full-length (FL) and 3-distal products shown in Fig. 1. (B) The time course for panel A was quantified on a scanning densitometer, and the results for the major distal products were plotted as relative band intensity versus time in hours. Full-length RNA is not plotted because of its significantly greater intensity. (C) SP6ISRS4 RNA (0.2 pLg) was added to a soybean polysomal extract (optical density, 0.5) or a petunia polysomal extract (optical density, 0.5) plus the reaction mixture. RNA was isolated from each reaction mixture at 3 h, and the samples were run on a polyacrylamide gel, blotted, and probed with SRS4.3'TAG oligo. Total soybean RNA (5.0 ,ug) and total petunia RNA (3.0 ,ug) were run as hybridization controls. In panels A and C, the positions of RNA molecular size standards, as described in the legend to Fig. 2 , are shown on the left. otide probes (27) . SP6/SRS4 RNA synthesized in vitro has at its 3' end a unique 24-nucleotide vector sequence which distinguishes it from endogenous SRS4 RNA. When exogenous SP6/SRS4 RNA was degraded in the in vitro system and probed with an oligonucleotide complementary to the 3'-end sequence, full-length SP6/SRS4 RNA and a population of 3'-distal fragments lacking various portions of their 5' ends were detected (Fig. 8A, A3 to K3 ). These fragments appeared at different rates during the degradation reaction. For example, fragments J3. and K3. reproducibly emerged faster than fragments D3., GY, and H3 . The various rates of appearance showed no dependence on size, as shown graphically in Fig. 8B (e.g., the smaller fragments did not appear before the larger ones). Although no effort was made to measure the absolute levels of these fragments, the band intensities were similar to those for the 5'-proximal products detected under similar probing conditions. As shown in Fig. 8C , SP6/SRS4 RNA was degraded in both soybean and petunia in vitro degradation systems. The same pattern of 3'-distal fragments was generated in both systems. SRS4 RNA distal fragments were found in total and polysomal RNAs that comigrated with the fragments generated in vitro. Previous work showed that several 5' ends of SRS4 RNA distal products were detected by primer extension in total RNA samples from soybean (27) , suggesting that discrete 3'-distal fragments must be present in vivo. However, SRS4 mRNAs are polyadenylated at numerous poly(A) addition sites covering a region larger than 50 nucleotides and have poly(A) tracts of various lengths (20) . Thus, any unique cleavage event would generate a range of sizes for the distal products, obscuring their presence on Northern blots. To eliminate heterogeneity at the 3' ends, an oligonucleotide complementary to a sequence upstream of most of the polyadenylation sites was constructed. This oligonucleotide (SRS .3'1 196N) (Fig. I B) was hybridized to SRS4 mRNAs in soybean total RNA samples and then digested with RNase H. This treatment cleaves off a portion of the 3' untranslated regions and all poly(A) sequences, resulting in homogeneous 3' ends. Additionally, SP6/SRS4 RNA was degraded for 3 h in the petunia in vitro degradation system, hybridized to the same B -.: oligonucleotide, and then digested with RNase H. The total and in vitro-degraded RNA samples were probed with SRS4.3'1091N ( Fig. lB and 9 ). Discrete distal products with a range of 5' ends and unique 3' ends were detected in samples of soybean total RNA and exogenous SP6ISRS4 RNA degraded in vitro after both were treated with the oligonucleotide and RNase H. A majority of the endogenous distal products detected in soybean total RNA samples comigrated with distal products generated from the SP6/SRS4 transcript in the petunia in vitro system. A few minor bands were unique to the soybean total RNA and the in vitro-degraded RNA samples. The low abundance of these bands makes it difficult to determine whether the differences represent a problem in detection or minor differences between in vivo soybean total RNA products and those seen in vitro in petunia. The major degradation products with intact 3' ends are obvious at the 3-h time point lacking the oligonucleotide. A heterogenous smear of products was detected in the sample of soybean total RNA treated with RNase H but without the oligonucleotide. These data provide further evidence that the in vitro RNA degradation systems described here faithfully degrade SRS4 mRNA. DISCUSSION An in vitro RNA degradation system derived from either a soybean seedling or a mature petunia leaf polysomal fraction was used to study the decay of SRS4 mRNA. Previous work showed that the SRS4 RNA population consists not only of the full-length transcript but also of many discrete 5'-proximal products which lack 3'-end sequences and poly(A) tails and are enriched in the polysomal fraction. These data strongly suggest that these proximal products are in fact degradation products derived from the full-length RNA and that the degradation may occur in association with the polysomal fraction. Three models were proposed for the degradation of SRS4 mRNA: (i) an exonuclease model in which a processive exonuclease degrades the RNA from the 3' end, pauses at specific sites, and therefore generates specific bands, (ii) a scanning endonuclease model in which a 3'-to-5' processive endonuclease cuts the RNA at specific sites, and (iii) a stochastic model in which an endonuclease cuts the full-length RNA at any one of several specific sites, with site selection independent of the distance from either end of the RNA (27) . We were able to look more closely at the mechanism of degradation of SRS4 mRNA by using in vitro degradation systems derived from soybean and petunia leaf polysomes. Our data are discussed in light of these different models.
SRS4 mRNA degradation is stochastic and not processive. (Fig. 4A , SA, and 6), and the products corresponded well to the endogenous proximal products (Fig.  4A) . Since a set of defined 3' ends was generated, degradation of the body of the mRNA was not random. In both soybean seedling and mature petunia systems, the early steps in the degradation of SP6ISRS4 RNA and T7/SRS4 RNA resulted in some of the proximal products appearing significantly faster than others. For SP6ISRS4 RNA in either the soybean or the petunia system (Fig. 4 and 5) , proximal products Y6 and J6 appeared more rapidly than X6, E6, F6, M6, N6, and P6.
Similarly, the fragments generated from T7ISRS4 RNA, Y7 and J7, appeared more rapidly than X7, E7, F7, M7, N7, and P7. While Y and J might arise from efficient processing of the full-length RNA, they also could be generated from any of the longer products. Y and J could also be more stable than the other products, but this possibility is unlikely, since even very early in degradation they appeared more rapidly than the other products. Thus, during the degradation of SRS4 mRNA in either a soybean seedling or a mature petunia system, sites are not selected completely at random. Neither does the degradation show evidence of being processive from the 3' or 5' end, since the rate of appearance of the 5'-proximal products was independent of size. These data are consistent with the stochastic model, in that each product could be generated directly from full-length SRS4 RNA. The Y and J sites might simply be chosen more frequently than the X, E, F, M, N, and P sites.
A stochastic model in which an endonuclease selects and cleaves specific sites in full-length mRNA is further supported by the presence of a significant population of 3'-distal fragments. Their rates of appearance were also not completely random, in that some products appeared at different rates that were independent of size ( Fig. 8A and B) . As with the proximal products, the data do not support a processive exo-or endonuclease model, since neither the longer nor the shorter distal fragments appeared at faster rates. Hence, no precursorproduct relationships can be assigned, as would be expected with a processive mechanism. Hybridization with internal oligonucleotides spanning the length of SRS4 RNA identified very few products which lacked both 5' and 3' ends of the RNA (27) . If more than one endonucleolytic cut were made per molecule, then internal probes should have detected these internal products. On the basis of the approximate lengths of the products, it is quite possible that the distal fragments, such as H3, G3, and D3, are the products of the same endonucleolytic cleavages which generated the respective proximal products (E, F, and J). To determine whether this is in fact the case, we are in the process of mapping precisely the 3' ends of the proximal products and the 5' ends of the distal fragments. Local sequences and/or structures in the SRS4 transcript may be sufficient to direct processing. Whether SRS4 RNA was tagged with a 15-nucleotide (SP6ISRS4) or a 56-nucleotide (T7ISRS4) sequence at the 5' end, it was degraded into products with approximately the same 3' ends as were observed in total or polysomal RNA (Fig. 1A) . The SP6/SRS4 and T7ISRS4 runoff mRNA degradation products were shifted to higher-molecular-weight positions in the gel because of the additional 15 and 56 nucleotides at the 5' end, respectively. To examine the potential effect of the 5'-end additions on the structures of these RNAs, SRS4 mRNA, SP6ISRS4 runoff mRNA, and T7/SRS4 runoff mRNA were folded according to Zuker and Stiegler (31) with the University of Wisconsin Genetics Computer Group sequence analysis software package (12) . If secondary structure were a primary factor in determining the degradation pathway of SRS4 RNAs, then these RNAs might be expected to fold into very similar secondary structures. The structure shown in Fig. 1OA is partially supported by in vitro DMS modification data (19) . As shown in Fig. 1OA and B, native SRS4 mRNA and SP6ISRS4 runoff mRNA folded into structures with similar 5' and 3' domains and only minor differences where the 3' and 5' ends fold together. A different structure was predicted for a region in the 3' domain in which a cleavage event generating the major fragment, J, would occur. In contrast, as shown in Fig. lOC, T7ISRS4 runoff mRNA folded into a structure with essentially novel 3' and internal domains and with a portion of the 5' domain conserved in relation to those in the other two RNAs. The novel structures in T7ISRS4 runoff mRNA contain the cleavage sites which give rise to the major products seen in Fig. 6 (e.g., E, F, and J). However, SP6ISRS4 and T7ISRS4 runoff mRNAs are degraded into the same pattern as endogenous SRS4 mRNA. As a few possible interpretations, these data suggest that either the overall RNA structures generated by the computer program are not correct or the overall structure is not important to the degradation machinery. While a significant secondary structure is implicated by DMS modification in vitro, very little secondary structure was observed with DMS modification in vivo (19) . Thus, the degrading activity may be dependent only on local sequences or on local secondary structures not accurately predicted in the computer-modeled RNA.
When truncated SRS4 RNAs which lacked 491 nucleotides of 3'-end sequence (SP6/R1 and T7/R1) were added to the in vitro system, these RNAs were degraded into a subset of products corresponding to those seen for this portion of the full-length runoff RNAs or in vivo proximal RNAs. It is clear that 3'-distal sequences of the RNAs and any structures that they contribute to are not required for correct processing of the 5'-proximal region through some interaction of the two regions. Early decay events in the 3' ends of the RNAs were not required for the proper decay of the 5' end of SRS4 RNA, suggesting that there is no required loading site for the processive machinery within the 3' end of SRS4 RNA. These data are consistent with the stochastic model in that only local sequences or structures are important in generating sites for processing.
Validity of the in vitro RNA degradation system. The soybean and petunia in vitro degradation systems were developed to examine the mechanisms responsible for generating the degradation products of SRS4 RNA decay. It is clear that several exogenous SRS4 RNA substrates were degraded into proximal and distal fragments of the expected sizes and in quantities similar to those seen in vivo. Because these two plant systems reproduce such discrete and complex patterns of SRS4 degradation products, there is little doubt about the overall specificity of the degradation occurring in vitro. Ross and Kobs (16) suggested there are two important criteria to consider in developing a faithful in vitro RNA degradation system. One criterion is that an RNA should be degraded into the same set of fragments as are seen in vivo. This has been shown to be the case for histone H4 RNA (16) and for the initial step of poly(A) removal in c-myc (3, 25) . The plant systems developed here meet this criterion for SRS4 RNA and may be useful in examining the degradation of other RNAs.
The second criterion for a faithful in vitro RNA degradation system is that relative rates of decay of different messages should be the same in vitro and in vivo. In the mammalian system both in vivo and in vitro, both histone IV and c-myc mRNAs are unstable, 5-globin is of intermediate stability, and P-globin is more stable (4, 16) . There is very little information on the half-lives of plant mRNAs, which may be used as standards for characterizing in vitro systems. However, Byrne et al. (5) recently developed an in vitro RNA degradation system based on oat seedling polysomes. In their system, phyA mRNA is least stable, ,B-tubulin is of intermediate stability, and actin mRNA is most stable, either in vitro or in vivo (5) . We are in the process of assessing the relative stabilities of different RNAs in the soybean seedling and petunia leaf systems.
Summary. We propose that SRS4 mRNA is degraded by an essentially stochastic mechanism, with some sites being chosen more efficiently than others. On the basis of the presence of VOL. 14, 1994 on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ Downloaded from proximal and distal fragments, the simplest model involves an endonuclease with different affinities for the various cleavage sites. It is likely that local sequences and/or structures are important, in contrast to long-range interactions between distant regions of the RNA, which are probably not required. The same decay patterns were obtained for SRS4 mRNAs in systems derived from both soybean seedling and mature petunia polysomal fractions, suggesting a general mechanism that applies across distant plant species. These plant in vitro RNA degradation systems can now be used to identify cis-and trans-acting factors involved in the decay of SRS4 RNA and other RNAs.
